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Abstract 
Calcium is a crucial regulator of many physiological processes such as cell growth, 
division, differentiation, cell death and apoptosis. Therefore, studying the control of 
intracellular Ca^^ level is a key step to understand many physiological processes. 
ATP is a physiological vasoactive agonist that causes endothelium-mediated 
vasodilation. It was found that for both rat primary aortic endothelial cells and 
ECV304 cell line, 100 [iM ATP could trigger a Ca^^ increase in nucleus, from where 
activation propagated outward through cytoplasm to peripheral regions of the cell 
gradually. The [Ca^+Ji then decreased from the peripheral regions back to the nucleus. 
The role of cGMP in regulating Ca^^ homeostasis was examined in aortic endothelial 
cells. 100 [iM ATP induced a transient that was caused by Ca^^ release from 
internal stores which are believed to be endoplasmic reticulum. cGMP accelerated the 
falling phase of �Ca2+1 丨i transient. Upon cGMP application, there was a steep drop in 
[Ca2+]i level and the fell to its basal within 60 seconds. In contrast, for control 
cells without cGMP treatment, it took 200 seconds for its to return to basal 
level. The effect of cGMP can be reversed by KT5823, a highly specific inhibitor of 
V 
protein kinase G (PKG). Pre-treatment of the cells by CPA abolished the accelerating 
effect of cGMP on the falling phase of [Ca2+]i transient. Taken together, these data 
suggest that cGMP may reduce level by promoting Ca^^ uptake through 
SERCA and this effect ofcGMP may be mediated by PKG. 
2+ 
Many agonists such as ATP, angiotensin II, bradykinin can induce Ca entry. It is 
believed that the Ca^^ entry is actually mediated by the agonist-induced depletion of 
intracellular Ca^ "^  store. We used either 100 nM bradykinin or a combination of 100 
|LIM ATP, 1 [iM angiotensin II and 100 nM bradykinin to stimulate Ca^^ release from 
2+ 
internal stores in rat primary aortic endothelial cells. As a result of Ca release, 
internal Cs?^ stores were depleted. Subsequent application of Ca^^ resulted in an 
increase in cytosolic Ca2+ level due to Ca^^ entry. This type of Ca^^ entry can be 
inhibited by cGMP, the effect of which can be reversed by KT5823. These findings 
suggest that agonist-stimulated Ca2+ entry in rat aortic endothelial cells is regulated by 
cGMP via a PKG-dependent pathway. 
One candidate molecule that may mediate store-operated Ca influx is trp (transient 
receptor potential) channel. To test this hypothesis, we first cloned the Htrpl gene 
into mammalian expression vector pcDNA3 and transfected the clone into HEK293 
VI 
cells. The successflilness of transfection protocol was verified by the method of 
immunostaining with an anti-TRPCl antibody. We then compared the magnitude of 
store-operated Ca^ "^  entry between //ifr/>l-transfected cells and untransfected control 
cells. Our results showed that a high level of expressed Htrpl proteins did not 
I 
increase the magnitude of store-operated Ca entry. This result suggests that htrpl 






















多種激動劑如ATP，血管緊張素II (angiotensin II)，舒緩激月太（bradykinin)等 
可以促進fS離子的流入。有證據表明躬離子內流的現象是由於激動劑誘導細胞內 
躬庫大量釋放躬離子而造成的。在原代培養的大鼠動脈內皮細胞中，我們分別只 
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Chapter 1 Introiiictiiiii 
1 J C a l c i j M i i S i g m a l t a 霧 i n I M o t h e l i a l . C e l l s 
IJJ C_mm mditsfmctmms 
Calcium is a crucial regulator of many physiological processes such as cell growth, 
division, differentiation, cell death and apoptosis. Many endogenous and exogenous 
stimuli produce their cellular effects by increasing the cytosolic free calcium 
concentration. In general, Ca^^ increases in biphasic fashion with a large transient 
phase followed by a small sustained phase. The transient phase is mostly due to 
calcium release from intracellular stores while the sustained phase is mainly caused 
by calcium entry through non-selective cation channels in plasma membrane. A 
• 2 + 
variety of endothelial functions depend on the changes in intracellular Ca 
concentration In cardiovascular system, endothelial cells form an interface 
between flowing blood and vascular tissue, responding to humoral and physical 
stimuli to secrete relaxing or contracting factors that contribute to the regulation of 
vascular tone (Adams et al., 1989). While the main vasoconstricting factor is 
endothelin-1, the three most important vasorelaxant factors are prostacyclin (PGI2)， 
endothelium-derived relaxing factor (EDRF, NO), and endothelium-derived 
hyperpolarizing factor (EDHF). An interesting common property is that all three 
5 
vasodilators (PGI2, NO and EDHF) require an increase in for their synthesis. 
IJJ Sm_d Messengers: MmM-lAS^Wph卿mi 
Many agonists such as adenosine 5'-triphosphate (ATP), angiotensin II, and 
bradykinin, when binding to their specific receptors on plasma membrane, couple 
with and then activate a guanosine nucleotide-binding protein (G protein), which 
subsequently activates phospholipase C^ (PLC/s) in a Ca -independent maimer. 
Phospholipase C 日 cleaves phosphatidylinositol-4,5-bisphosphate (PIP2) into 
inositol-1,4,5-trisphosphate (InsPs) and diacylglycerol (DAG). InsPs is water-soluble 
and it quickly diffuses in the cytosol and then binds to a ligand-gated calcium channel 
known as the InsPs receptor (InsPsR) channel in endoplasmic reticulum. When InsPs 
binds to InsPsR, the channel opens and that results in the release of calcium ions into 
cytosol (fig.l). In non-muscle cells, InsPs-sensitive store is believed to be the main 
Ca2+ stores (Berridge et al., 1984 & 1993) as it accounts for approximately 75% of the 
total intracellular Ca^ .^ One crucial support for the importance of InsPs was provided 
by an experiment in which the direct application of InsPs to the intracellular 
• • 2+ 
organelles of saponin-permeabilized cells was shown to elicit Ca release from the 
non-mitochondrial fraction, probably the endoplasmic reticulum (Adams et al., 1989). 
6 
G protein G protein-linked 
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^ Calcium channel 
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Fig.l. Calcium regulation in cells. An increase in cytosolic Ca can be attributed to 
2+ 
either the Ca release from endoplasmic reticulum (ER) through InsP� receptor 
channel or 
entry through cation channel. Cytosol Ca concentration is lowered 
by the actions of ER pump and the plasma membrane calcium pump. 
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For the remaining 25% intracellular Ca�.，it may be stored in mitochondria and 
ryanodine-sensitive stores (Feletou M and Vanhoutte PM, 1996). 
IJJ Propagation of Ca^^ Sigmk 
ATP is a physiological agonist that causes endothelium-mediated vasodilation 
(Furchgott et al., 1989). It is frequently used to study the spatial and temporal 
I 
organization of agonist-induced Ca signals. Extracellular application of ATP can 
initiate a rapid increase of intracellular Ca concentration in non-excitable cells. 
Studies on CPAE (a cell line originally derived from bovine pulmonary artery 
I 
endothelium) show that ATP can initiate a Ca rise in peripheral cytoplasmic 
processes from where activation propagates as an intracellular Ca wave toward the 
central regions of the cell. The highest propagation velocity is found at the wave 
initiation site whereas in more central regions, the propagation velocity decreases. 
The slowest rates of increase in Ca^ "^  are found in the nuclear regions. The nuclear 
• 2+ 
envelope possibly forms a partial diffusion barrier for cytosolic Ca (Huser and 
Blatter, 1997; Kwan and Kwan, 1999). The cytoplasmic processes are more sensitive 
1丄 
to agonist stimulation and their Ca responses have a faster rate of increasing 
intracellular Ca^^ than those in the cell body (Missiaen et al” 1996). The rate of rising 
[Ca2+]i and the rate of wave propagation are also faster in the initiation sites in 
8 
pancreatic acinar cells (Kasai et al., 1996). 
LL4 C^^'^TPmm 
The concentration of calcium is normally maintained at very low levels in the cytosol 
because of the presence of calcium pumps in the plasma membrane and the 
endoplasmic reticulum. The major endoplasmic reticulum surface protein is the 
Ca2+-ATPase, now is referred to as SERCA pumps (Sarco-Endoplasmic Reticulum 
Ca^''-ATPases) (Pozzan et al., 1994), which is an ATP-dependent Ca^ "" pump that 
continuously takes up Ca^^ from the cytosol. Its primary function is to accumulate and 
maintain C a � . within the intracellular stores against a steep concentration gradient via 
ATP-dependent transport (Hussain and Inesi, 1999). Ca reuptake does not depend on 
an elevated [Ca2+]i but it seems to be controlled by Ca^^ concentration inside the 
intracellular stores (Mogami et al., 1998). SERCA pump can take up Ca^+at much 
greater rates than Ca^^ spontaneously leaks out of the endoplasmic reticulum lumen. 
Besides SERCA, there is a separate Ca2+ pump in the plasma membrane, which 
transports Ca out of the cells. The action of the two calcium pumps maintains the 
calcium concentration in the cytosol at about ICT? M. In vascular endothelial cells, 
direct measurement of cytoplasmic Ca with fluorescent calcium indicator dyes 
confirmed a resting value near 10"^  M (Schilling et al., 1988). 
9 
JJJ MegalMtim €fSm€€^kismk Retkmtmm 
Sarcoplasmic reticulum protein phosphorylation is regulated by localized cyclic 
GMP-dependent protein kinase in vascular smooth muscle cells (Comwell et al., 
1991). cGMP affects the phosphorylation of phospholamban, a regulatory protein of 
Ca^^-ATPase. cGMP-dependent protein kinase is localized to the same cellular 
region(s) as is phospholamban. Phospholamban is phosphorylated in the presence of 
cGMP but not cAMP. It is therefore postulated that the action of cGMP is to activate 
sarcoplasmic reticulum Ca�十-ATPase via phosphorylation of phospholamban, thus 
stimulating Ca^^ sequestration. Other studies also confirm that cGMP acts as an 
intracellular messenger to enhance sequestration of C a � . into sarcoplasmic reticulum 
in vascular smooth muscle (Twort and Breeman, 1988). Similar result was obtained in 
pancreatic acinar cells. In these cells, a guanylate cyclase inhibitor, LY83583, which 
2+ 
decreases the cellular cGMP level, was shown to inhibit uptake of Ca into 
sarcoplasmic reticulum (Pandol and Schoeffield-Payne, 1990). In addition to cGMP 
effect on SERCA, cGMP-dependent protein kinase (PKG) appears to inhibit InsPs 
receptor activity as well (Cavallini et al” 1996). The inhibitory effect of PKG is to 
reduce InsPsR-mediated Ca release from internal stores (Haug et al., 1999; 
Komalavilas and Lincoln, 1994). 
10 
L L 6 AgmmtMmM 
2+ 
It is generally believed that non-excitable cells only contain receptor-operated Ca 
channels but not the voltage-operated channels. Therefore, these cells are a relatively 
simple system for studying calcium signaling. In non-excitable cells, agonists trigger 
a biphasic rise in which consists of an initial transient component and a 
smaller sustained phase. In the absence of extracellular Ca^ ,^ the response is only a 
transient rise in which reflects the release of intracellular Ca^ "" stores (Tran et 
al., 2000). When extracellular Ca^^ is re-introduced in the absence of agonist, there is 
an additional rise in [Ca2+]i. This latter kind of Ca^^ entry has been hypothesized to be 
activated by the depletion of internal stores and it is thus termed as store-operated 
Ca2+ entry (SOC), or capacitative Ca�— entry (CCE) (Putney, 1986). Ca^^ entry due to 
store-depletion will first enter the cytosol and then the store refilling process will take 
place (Putney, 1990) (fig.2). 
The role oflnsPs as the primary signal for depletion of intracellular C a � . stores is now 
firmly established (Berridge et al., 1989). InsPs and agonist seem to take no role in 
directly promoting Ca�— entry. Instead, they cause the depletion of internal stores (Aub 
et al., 1982). With the use of thapsigargin, an inhibitor of SERCA pumps, it is 
confirmed that even in the absence of InsPs, there can also be Ca^^ entry mediated by 





Receptor / \ 
乂 J 一 
Plasma 
membrane / 广 \ — 
一 ^ PLC - i ^ J 
I � C a 2 + ] 
Cytosol 
Fig. 2. Agonist-induced rise in [Ca^ ^^ Ji. Agonist bind to its specific receptor on 
plasma membrane, couple with and also activate a G-protein (Gp), which then 
activates PLC. InsPg diffuses through cytosol and binds to InsPsR in order to release 
2+ 
Ca to cytosol. As endoplasmic reticulum is depleted, Ca enters through 
non-selective cation channel on plasma membrane. 
12 
but it is capable of inducing a substantial elevation in [Ca^ ""]! which results from the 
release of intracellular C a � . and the activation of sustained C a � . entry (Takemura et 
al., 1989). 
13 
U M e e h M i i s i n © f S t o r e 4 > p e r a t e d C ^ E n t r y 
LZI Sigmatmg Medkmmms qf SOC 
An unresolved question about SOC is what mechanism is involved in activating it and 
how a decrease in the Ca^^ content in internal stores can be sensed by SOC. Until now, 
three hypotheses have been proposed: (i) a diffusible messenger, (ii) conformational 
coupling and (iii) vesicle secretion. 
L2JJ A Diffmibh Messenger 
The diffusible messenger hypothesis states that when internal Ca^^ stores are depleted, 
some diffusible messengers are produced that will transmit the signal from the stores 
to the plasma membrane to activate SOC (Fig.3). Patch Clamp studies in Xenopus 
oocytes provides a very strong support for this hypothesis (Parekh et ai, 1993). 
Numerous molecules have been reported as the diffusible messenger. These include 
ATP, GTP, pertussis toxin-sensitive heterotrimeric G proteins, a product of 
cytochrome P450 activity and arachidonic acid (Putney and McKay, 1999). The most 
interesting and controversial candidate for second messenger is so called calcium 
influx factor (GIF). It can be released or generated from the endoplasmic reticulum or 
adjacent regions after InsPs induces Ca release from stores (Clapham, 1993). 
14 
However, the exact nature of GIF remains unidentified. Clearly, identification of GIF 
is the most important prerequisite for this model to gain acceptance. 
1,2J.2 Confrnmrntimml Coupling 
The conformational coupling hypothesis was proposed in the early nineties (Berridge, 
1995). The hypothesis postulates a direct interaction between the InsPsR in the 
endoplasmic reticulum membrane and the SOC in the plasma membrane (Dutta, 2000) 
(Fig.4). Co-immunoprecipitation studies show direct physical interaction between 
Drosophila TRP and InsPsR (Boulay et al., 1999). In cell culture system, studies show 
that InsPsR interacts with human TRP3 and activates it (Kiselyov et al., 1998; Ma et 
al., 2000). Evidence favoring close association has come from cell fractionation 
studies that reveal the co-purification of InsPsR with plasma membrane fractions 
(Lievremont et al., 1994). Furthermore, it has been observed that the site of 
capacitative current is in close proximity to the site of InsPs-induced calcium release, 
leading to the speculation that SOC and InsPsR are closely apposed and therefore can 
interact physically (Jaconi et al., 1997; Peterson and Berridge, 1996). 
15 
L2J3 }%skie Secmiim 
This hypothesis proposes that the decrease of Ca2+ content in internal stores causes 
additional pre-formed SOC proteins to be inserted in the plasma membrane (Fig.5). 
One recent paper provides fresh evidence in support of this mechanism. Studies show 
SNAP-25, one of the proteins necessary for membrane fusion is involved in SOC 
function (Yao et al., 1999). 
The mechanism of activation of the SOCs still remains largely unclear. Further studies 
are needed to elucidate which of the above three hypotheses is true. Recent findings 
generally favor either coupling model or the secretion model. Possibly, the actual 
mechanism of activation is a combination of these two models (Dutta, 2000). 
16 
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Fig.3. Diffusible messenger hypothesis. Calcium store depletion generates diffusible 
molecules which activates the SOC in the plasma membrane. 
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Fig.4. Conformational coupling hypothesis. Store depletion is conveyed to the SOC 
by the direct physical binding of the InsPgR to the SOC. (the physical interaction 
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Fig.5. Vesicle secretion hypothesis. Store depletion leads to fusion of preformed 
vesicles, containing SOC, to the plasma membrane. 
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13 Regulation of C•肚 Entry by cGMP 
Although the mechanism by which C a � . enters after internal store depletion is not 
well known, recent studies have demonstrated that cGMP may play a role in 
mediating this process. Agonists that stimulate Ca^^ release from internal stores and 
inhibitors of SERCA pumps both can increase cellular cGMP level due to the increase 
of intracellular Ca^^ (Kwan et al., 2000). For the case of agonist stimulation, the 
2+ 
pattern of increase in cGMP level is similar to that of increase in intracellular Ca 
level (Pandol and Schoeffield-Payne, 1990; Xu et al., 1994). The studies in pancreatic 
acinar cells suggested that agonists can cause an initial large but transient rise in 
cGMP followed by a smaller sustained phase. This increase in cGMP level is 
necessary for mediating C a � . entry. Findings show that Ca^^ entry can be inhibited by 
LY83583, which can prevent cGMP formation by inhibiting guanylyl cyclase. The 
same study also claims that cGMP has dual effect on modulating Ca^^ entry. High 
concentration of cGMP inhibits, rather than stimulates, Ca^^ entry. This is supported 
by an experiment in which a sufficient high concentration of SNP is shown to 
effectively block the C a � . entry (Xu et al., 1994). SNP is NO donor and NO can 
activate guanylyl cyclase to form cGMR Other report confirms that in rat aortic 
endothelial cells, store-operated calcium entry is inhibited by cGMP (Kwan et al., 
2000). KT5823, a potent and highly specific protein kinase G (PKG) inhibitor, and 
20 
H-8, another PKG inhibitor, can reverse the inhibitory effect of cGMP on C a � . entry. 
This shows very clearly that store-operated C a � . entry is subjected to modulation by 
cGMP through a PKG-dependent mechanism. These results strongly suggest that 
cGMP plays a crucial role in regulating Ca^^ entry in non-excitable cells. 
21 
lA Mokcwlar Stnicliires of Store-operated 
diannds 
L4J Drmophila Transient Receptm Potential (ttp) Gene 
A potential candidate protein for SOC has been isolated, and this protein is named the 
transient receptor potential (trp) channel. The first trp channel is isolated from 
Drosophila. Trp is actually a Drosophila photoreceptor mutant incapable of 
maintaining a sustained receptor potential in response to photo-stimulation (Hardie 
and Minke, 1992). Now, trp proteins have been hypothesized to be structural 
components of Ca^^ entry channels and to be activated by IP3R in response to IP3 or 
store depletion (Boulay et al., 1999). There are at present seven known mammalian 
trp forms (designated trp\ to trp 7) in various mammalian species, including human, 
mouse, rat, rabbit, and bovine (Liu et al., 2000). The structures of these trp proteins, 
based on their complete amino acid sequence, have been predicted (Putney and 
McKay, 1999). The common structural features include six transmembrane spanning 
segments and four ankyrin repeats in the N-terminal region (Fig.6). Some of the 
hydrophobic segments of trp are homologous to transmembrane segments of 
voltage-dependent Ca^^ and Na+ channels, with the exception that the putative S4 of 
trp lacks the positive amino acids responsible for the voltage-sensing function of 
voltage dependent ions channel (Bimbaumer et al., 1996). Several laboratories have 
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successfully cloned trp homologues from human, mouse, rat, rabbit, bovine and 
Xenopus. However, studies examining the functional effects included by expression of 
trp genes have demonstrated that the characteristics of the expressed activity are 
distinct from those of endogenous SOC activity, suggesting that the encoded trp 
protein is functionally different from the endogenous SOC mechanism. Besides, 
several studies also show Ca^^ influx in cells transfected with trp cDNAs. Thus, only 
a few trp gene products meet the functional criteria for SOC, typically defined as an 
increase in Ca^^ influx following internal Ca^^ store-depletion by thapsigargin (Liu et 
al., 2000). One general conclusion that can be drawn from the results presented is that 
trp homologues form functionally important calcium channels, with some of them 
being activated by internal store depletion (Dutta, 2000). 
L4J Trpl Gem 
Trp\ gene was expressed in heterologous expression systems and its ion conducting 
properties was assayed. Table 1 summarizes the results obtained from the expression 
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Fig.6. Topologies of the pore-forming sunbunits of Drosophila trp calcium 
channel. S1-S6, representing the transmembrane segments; A, ankyrin-like motif; C, 
a calmodulin-binding sites. 
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Table 1: Conductance behavior of vertebrate trpl homologues 
Species Variants Functional characterization 
Human htrpl Functions as SOC 
htrpCl Nonselective cation channel 
htrpClA Calcium permeable cation channel; functions as 
SOC 
Mouse mTRPl Functional expression not yet reported 
Rat rTRP 1, rTRP 1 p Functional expression not yet reported 
Cattle b-TRPl Functional expression not yet reported 
Xenopus laevis x-TRP Functional expression not yet reported 
There are studies showing trpl is the gene that encodes for the SOC. In human 
submandibular gland cell line (HSG), htrpl a cDNA can be stably expressed (Liu et 
al., 2000). Transfection of HSG cells with htrpl a cDNA induced dramatic increases 
in thapsigargin-stimulated SOC, while expression of the htrpl a cDNA in the 
antisense direction significantly attenuated the endogenous SOC activity. Expression 
in COS cells of full-length of cDNA encoding human trp homologue, htrpl, increased 
capacitative Ca influx into cells that replenishes Ca stores emptied through the 
25 
action of IP3 and other agents (Zhu et al., 1996). However, there are also some 
conflicting reports. For example, transient expression of trpCl in Sf9 cells induced 
nonselective constitutively activated cation channel activity, which did not appear to 
be sensitive to internal Ca^^ store depletion (Sinkins et al., 1998). 
The exact reasons for the conflicting data and different effects seen following 
expression of the various trp genes are not yet understood. It is possible that distinct 
and tissue-specific regulatory factors are involved in regulating the function of 
various trp proteins. Thus, the activity of the expressed protein will probably be 
determined by the endogenous SOC and associated regulatory mechanism(s) 
presented in cells used for the functional expression. In addition, there can sometimes 
be differences in expression in the same cell type reported from different laboratories. 
These can sometimes be explained on the basis of differences in technical details 
between the way the PGR is run in the two laboratories. For example, one report of 
htrp isoform expression in HEK293 cells indicated that htrpl and htrp6 were 
expressed at low levels in comparison with htrp3 and htrpA (Garcia and Schilling, 
1997), whereas another studies reported the strongest expression of htrpl and htrp3 
(Wu et al., 2000). Based on the present findings, further studies will be required to 
address the important question of whether the trpl protein forms the SOC channel. 
26 
Chapter 2 M e t i o i s and Materials 
2.1 Materials 
2.1.1 Fh^s^kMie-bmffmed saline 
IX PBS (pH 7.4) 
NaCl 140 mM Merck, Germany 
KCl 3 mM Sigma, USA 
Na2HP04 10 mM Merck, Germany 
KH2PO4 2 mM Sigma, USA 
2.1.2 CMltum Media mdMMmmls 
Minimum Essential Medium Alpha Medium MEM a Gibco, USA 
RPMI Medium 1640 RPMI Gibco, USA 
Foetal Bovine Serum FBS Gibco, USA 
Penicillin-Streptomycin P/S Gibco, USA 
Trypsin-EDTA Trypsin Gibco, USA 
Collagenase Type I Collagenase Sigma, USA 
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2 J Preparations and Culture of Cells 
2JJ CmMmm €fMmAmtk EmMeM Cells 
A male Harlan Sprague-Dawley rat of body weight 300-350 grams was killed by pure 
carbon dioxide. The thoracic aorta was removed and was washed twice in sterile, 
chilled-IX PBS immediately. Connective tissues and fat were then trimmed off. The 
artery was cut longitudinally. The aortic sheets were placed into a 25 cm culture flask 
(Falcon, Becton Dickinson Labware, NJ, USA) and were treated with 0.2% 
collagenase in PBS for 15 minutes at 37°C in a shaking water bath. After enzyme 
digestion, the tissues were removed and the cell suspension was first diluted by 8 ml 1 
X PBS before transferring into a 15-ml conical tube (Falcon, Becton Dickinson 
Labware, NJ, USA). The diluted cell suspension was then centrifuged at 800 x g for 5 
minutes. The cell pellet was resuspended in 5 ml RPMI 1640 medium containing 10% 
FBS + 2 o/oP/S and incubated in 25 cm^ culture flask in air with 5% CO2 atmosphere 
at 37°C for an hour. After incubation, the medium inside culture flask was replaced 
with fresh medium. The endothelial cells were cultured with medium till confluent. 
During cultivation, the medium was replaced three times a week. Only cells from first 
passage were used for experiment. 
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2JJ CMMrnm itfHmmm Mtaidm EpMhelml Cdl Lim 
Human bladder epithelial cell line (ECV304) was obtained from American Type 
Culture Collection (ATCC, Bethesda, MD, USA). Cells were cultured in a 25 cm^ 
culture flask with RPMI medium containing 10% FBS + 2 % P/S. Medium was 
replaced three times a week. 
2JJ CmMmm ^ Mmmm Embffmm EMm^ Epitkelml Ceti 
Lme 
Human embryonic kidney epithelial cell line (CRL-1573), HEK-293, was obtained 
from ATCC. The cells were cultured in a 25 cm^ culture flask with MEM a medium 
containing 10% FBS only. Medium renewal was done every 2 days till the cells 
reached confluence. 
23 CeM Siibciiltiire anil Harvest 
Medium was removed and the confluent cell monolayer was washed once with IX 
PBS. IX PBS containing 0.25% trypsin was added to culture flask. The flask was 
placed in 37�C incubator for no more than 5 minutes for cell-detaching. 8 ml of fresh 
medium was added to stop trypsin reaction and to disperse clusters of cells. The cell 
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suspension was then transferred into a 15-ml conical tube and centrifuged at 250 x g 
for 5 minutes. The supernatant was discarded and the cell pellet was resuspened with 
fresh medium. Cells were either planted to new culture flask with sub-cultivation ratio 
of 1:4 or planted on glass cover slip for 1 measurement. 
2A Intracelliilar Wrm CaM職馳 I _ s 
raieasiirenieiit 
2.4J Chrnmemls 
NaCl Merck, Germany 
KCl Sigma, USA 
MgCb Sigma, USA 
Glucose Sigma, USA 
HEPES Sigma, USA 
CaCl2 Sigma, USA 
EGTA Sigma, USA 
DMSO Sigma, USA 
Pluronic Acid Molecular Probes, Eugene, Oregon, USA 
Fluo-3/AM Molecular Probes, Eugene, Oregon, USA 
Fura-2/AM Molecular Probes, Eugene, Oregon, USA 
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2‘2 B_kimg solmtiom 
lXNPSS(pH7.4) 
NaCl m M g C b G l u c o s e HEPES CaCli 
140 mM 5 mM 1 mM 10 mM 5m M ImM 
lXOPSS(pH 7.4) 
NaCl m M g C b ^ Glucose HEPES EGTA 
HOrnM 5mM ImM lOmM 5mM 0.2mM 
2,4.3 Preparations of Cells for [Ca ]i Measurement 
2.4JJ Pkitmg cells m Gkm C_r S_far fCW+fl Memummmt with 
PTI RaiioMaster Fluorescence System 
The 25 mm circle shaped glass cover slips (Fisher Scientific, Pittsburgh, PA) were 
sterilized by dipping into 95% ethanol and flamed over a bunsen burner. The sterilized 
cover slips were then placed in 35 mm X 10 mm cell culture dish (Coming, USA). 2 
ml cell suspension was added to culture dish (Fig.7). The cells were then incubated in 
5% CO2 atmosphere at 37°C overnight. 
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2J.J,.2 Pi^tmg cells _ Glass Caver Slips far fC^^Ji Memmmmnt with 
Confocal Immgimg System mi Comfi^c&i Laser Scmnmg Mkmse哪 
The glass cover slips were sterilized as described previously. The sterilized cover slips 
were placed inside a 100 X 15 mm petri dish (Falcon, Becton Dickinson Labware, NJ, 
USA). Every petri dish contained 5 sterilized glass cover slips. 0.8 ml cell suspensions 
were added directly on top of the cover slips (Fig.8). The cells were then incubated in 
air with 5% CO2 atmosphere at 37°C overnight. 
32 
• 25 mm sterilized glass cover slips 
、广 
35 mm X 10 mm cell culture dish containing 2 ml medium 
Fig.7. Preparation of cells for measurement with PTI RatioMaster 
Fluorescence System 
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• • • 
^^^^ 25 mm sterilized glass cover slips 
Cell suspension on top of glass cover slips 
Fig.8. Preparation of cells for measurement with Confocal Imaging 
System and Confocal Laser Scanning Microscopy 
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2處4 PTI Flmmmcmm S^stmm 
2.4Ad E:xperimemtal Set^p 
Fig. 9: 
A. Inverted Microscope (Nikon ECLIPSE TE300) 
B. Objective (Plan Fluor lens, ELWD 40X/0.60, Nikon, Japan) 
C. Photon Multiply Tube (Photon Technology International, USA) 
D. Lamp Power Supply (Photon Technology International, USA) 
E. Shutter Controller (Photon Technology International, USA) 
F. Optical Chopper (Photon Technology International, USA) 
G. ARC Lamp (Photon Technology International, USA) 
H. Felix Software (Photon Technology International, USA) 
I. Multi-wavelength illuminator (Photon Technology International, USA) 
2, 4, 4,2 Fma-2MM]>^e Lmding 
20 1^1 DMSO and 2 |LI1 pluronic acid was added to Fura-2/AM to make a 2.5 mM 
Fura-2/AM dye stock. 2.5 |LI1 of the dye stock was added into the 35 mm X 10 mm cell 
culture dish directly, giving a final concentration of 5 [iM. Culture dishes were 
wrapped by aluminum foil and the cells with fluorescence dye added were incubated 
at 37°C for an hour. 
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Fig.9. Schematic representation of a PTI RatioMaster Fluorescence System used 
for [Ca2+]i measurement. 
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2,4,43 Bmkgmmmd Ftmmesmme md [Ca^^Ji Mmmmmemt 
After dye-loading process, cells were rinsed twice with IX OPSS and the whole glass 
cover slip was held firmly in a home-made chamber for measurement. 1 ml IX 
OPSS was added into the chamber. Prior to experiment, background fluorescence was 
measured and it was deduced automatically by Felix software. The excitation 
wavelengths were 340 nm and 380 nm whereas the emission wavelength was 
monitored at 510 nm. Cells were then selected and were ready for rca^li 
measurement. 
2,4.5 Confocal Imaging System 
2.4.SJ Experimentml Setup 
Fig. 10: 
A. Inverted Microscope 
B. 40X Nikon Plan Fluor Oil Lens (40/1.3 oil) 
C. UV Argon Ion Laser 
D. Filter Blocks: B1 and Open Block 
E. CoMOS Software (BIO-RAD Micro science Ltd., USA) 
F. MetaFluor (Universal Imaging Corp.,NH, USA) 
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Laser 1 jj j � 
/ T i g 
BIO-RAD ^ ^ U ^ H l S 
MRC1000 Inverted ^ ^ ( t T ^ 
Computer 
Fig.lO. Schematic illustration of a Confocal Imaging System (BIO-RAD 
MRC-1000) with argon ion laser adapted for simultaneous UV excitation is used 
for [Ca2+]i measurement. 
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2.4JJ Flm-3MMIfye Loading 
y 
Before dye loading, petri dish containing five glass cover slips was put at 4°C for 10 
minutes in order to prevent endocytic uptake of dye. 44.25 |il DMSO and 4.4 |il 
pluronic acid was added to Fluo-3/AM to make a 0.01 M Fluo-3/AM dye stock. For 
every five glass cover slips, 22.2 |LI1 of the dye stock was mixed with 2 ml IX NPSS, 
giving a final concentration of 10 i^M. Cells were rinsed with IX NPSS and the glass 
cover slips were placed inside a new petri dish immediately. Diluted fluorescence dye 
was added on top of the glass cover slips. Petri dish was then wrapped by aluminum 
foil and the cells were incubated at room temperature for an hour. 
2JJJ [C^^Ji Memmmmern 
After dye-loading process, cells were rinsed twice with IX OPSS and the whole glass 
cover slip was held firmly in a home-made chamber for measurement. 1 ml IX 
OPSS was added into the chamber. Cells were selected were then ready for 
measurement. The excitation wavelength and emission wavelength were monitored at 
488 nm and 510 run respectively. 
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2.4.6 • 推 L m e r Semmmg Mi€ms€€^ 
2.4. 6 J Principles 
Cellular activities were observed with the technical advancements of confocal 
microscope. The excitation wavelength was focused on a discrete point of the cells to 
reduce the wide-view illumination (Fig. 11). In addition, a pinhole was put in front of 
the detector to prevent the passage of signals coming from other planes other than the 
confocal section (Fig. 12). Therefore, all of the out-of focus fluorescence was 
eliminated. By moving the laser spot with scanning mirror, a sharp image could be 
generated and stored into a computer for data analysis. The excitation wavelength and 
emission wavelength were monitored at 488 nm and 510 nm respectively. 
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Illuminating Aperture 
L m e r U / Dichroic Mirror 
/ ) Objective Lens 
Focal Plane _ - -
Cell on Glass Cover Slip 
Fig.ll. Lights Paths for Excitation. Light from laser source passes through the 
illuminating aperture, is reflected by the dichroic mirror, and is focused on one point 




m m m m ^ m m m m A ™ ^ ™ ! ^ ^ ™ Pinhole 
/ / \ Dichroic Mirror 
In-focus Rays 
Out-of-focus Rays 
Fig. 12. Lights Paths for Emission. After excitation, fluorescence emissions from the 
focal point and the out-of-focus illuminating cones are collected by the objectives. 
Both in-focus and out-of-focus rays can pass through the dichroic mirror, but only the 
emissions from the focal point are able to pass through the pinhole to the detector. 
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2.S Cloning 麵d expression ofTrpl in HEIC293 
c^^ll linCf 
2JJ Cloning of Htrpl Gene intopcDNAS ¥mtm 
2JJJ En^me Digestmm 
The cDNA fragment of htrpl (2523 bp) located in the multiple cloning site (MCS) of 
pPCR-Script Amp SK(+) plasmid (2961 bp) was isolated by using the enzymes Kpnl 
(Gibco, USA) and Notl (Gibco, USA). The plasmid containing htrp\ fragment was 
first cut by lU Kpnl at position 738 in the presence of 2 |il Buffer REact 4(1 OX) 
(Gibco, USA) at 3TC for two hours. The total reaction volume was 20 |LI1. After the 
first enzyme digestion was completed, 40 pi of 100% chilled-ethanol (Merck, 
Germany) and 2 i^l 3M, pH5.39 sodium acetate was added to the digestion product in 
order to precipitate out the DNA. The mixture was put at —70�C for two hours. The 
precipitation mixture was centrifuged at 4�C for 30 minutes at a speed of 13K and the 
DNA pellet was washed with 300 |LI1 of 70% chilled-ethanol (Merck, Germany). The 
DNA pellet was centrifuged again at 4�C for 20 minutes at a speed of 13K. The 
supernatant was carefully removed and the DNA pellet was placed to air dry. The 
dried DNA pellet was dissolved with 17 jul dd-HiO. lU Notl cut the DNA at position 
657 in the presence of 2 \x\ Buffer React 3 (lOX) (Gibco, USA) at Sl^'C for two hours. 
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The total reaction volume for the second enzyme digestion was also 20 [i\ (Fig. 13). 
2JJJ Gel dectmphmmls mdlml^tim ofEtrpl by GmeChm 11 Kit 
Gel was made by dissolving 0.7 g agarose powder (Gibco, BRL) in 100 ml IX TAE 
buffer. The enzyme digestion product was separated by setting the voltage at 80 mV. 
The gel region containing htrpl fragment was cut and DNA was purified by using the 
GeneClean II Kit (Qiagen). The kit contains Nal solution to dissolve gel and silica 
matrix to bind to DNA. The eluted DNA was ready for cloning into pcDNA3 vector 
(5400 bp, Invitrogen). 
MJJ Li_mt ^TrpI mtdpcDNAS ¥mm 
pcDNA3 was cut by enzymes Kpnl and Notl and the lineralized pcDNA3 was 
purified by gel electrophoresis and GeneClean Kit. The volume of htrpl fragment and 
pcDNA3 added was in the molecular weight ratio of 1:1. 200 ng (4 jul) htrpl gene， 
428 ng (21.4 i^l) linearlized pcDNAS, 8 jillOX ligation buffer (Gibco, USA), 2 |il T4 
ligase (Gibco, USA), and 4.6 dd H2O were mixed up to a 40 reaction mixture. 
The reaction was allowed to proceed at 16�C overnight (Fig. 14). 
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• SK(+) plasmid containing \ 
v V ^ - J J 
T3 promoter region T7 promoter region 
3' 5, 
Kpn\ 
^ ^ 1�enzyme digestion 
^ ~ ^ X C I ^ X 
Z ^ 2° enzyme digestion / \ 
/ / \ \ f \ \ 
I SK(+) plasmid containing^ SK(+) p i 二 d : t a i n i n g 
\ \ trpl gene / \ \ ^ ^ / / 
• 3， 5, 
3' 5' 
Notl 
Fig.l3. Isolation of trpl fragment from SK(+) plasmid by enzymes Kpnl and 
Notl 
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/ pcDNA3 5.4kb \ I % , , 
^^^ trpl fragment 
\ Pre-digested by Kpnl and Notl/ / ^ ^ ^ 
T7 promoter region Sp6 promoter region # 
^ ^ T4 ligase 
I I pcDNA3 vector \ | 
I containing 1 J 
V V 晰 gene / J 
5, 3' 
Fig.l4. Cloning of trpl fragment into pcDNA3 vector by T4 ligase 
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2,S丄 4 Trmsfbrmutim 
100 |il competent cells were placed on ice with 5 fal ligation product for 30 minutes. 
The reaction mixture was heated at 42�C for 30 seconds and was immediately 
incubated on ice for 2 minutes. 1 ml LB broth (20g/L) (Gibco, USA) was added to the 
reaction mixture and the mixture was shaken for an hour at 37�C at a speed of 225 
rpm. The cells were spin down and the cell pellets were re-suspended with 100 |LI1 LB 
broth. Agar plates were made by dissolving 20 g LB broth, 20 g agar (Gibco, USA) 
and 0.05 g ampicillin (Sigma, USA) in IL dd H2O. The re-suspended cells were 
spread on top of the agar plates. The plates were placed at 37�C overnight. On the 
following day, single colony was picked and placed in 10 ml LB broth containing 
ampicillin in a 15-ml conical tube for shaking at a speed of 225 rpm for 16 hours. 
2JJJ Purificatmn efchned 7>pl-pcDNA3 • QMprep Spin Mimipmp 
Kit 
The cell suspension in the 15-ml conical tube was centrifuged for 20 minutes at a 
speed of 3000 rpm. Purification of cloned Trpl-pcDNA3 was carried out by using 
QIAprep Spin Mininprep Kit (Qiagen). Purified DNA was eluted by 50 pi dd H2O. 
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2JJ Jrm^cimm qf HEM293 Cells with Utrpl mi 
pEGFP-Nl mmr 
2.5.2J Cell Prepamtion for Tmmfection 
One day before transfection, HEK293 cells were trypsinized and re-suspended in 
fresh medium. 2 ml HEK293 cell suspension was plated on top of a sterilized glass 
cover slip inside a 35 mm X 10 mm cell culture dish. The cells were placed to 
incubate in 5% CO2 atmosphere at 37°C overnight. 
2.5.2.2 Tramfection 
Transfection of HEK293 cells with Htrpl-pcD^A3 or pEGFP-Nl vector (Clontech, 
USA) was performed by using the LipofectAMINE 2000 reagent (Life Technologies, 
Inc.). pEGFP-Nl is a vector that can help to estimate the transfection efficiency. For 
each culture dish, 4 jig Htrpl-pcUNA3 or 4 ^g pEGFP-Nl was added to 100 |al 
OPTI-MEM I medium (Gibco, USA) to make a Solution A stock. 6 i^l 
LipofectAMINE 2000 reagent was mixed with 100 |LI1 OPTI-MEM I medium to make 
a Solution B stock and this diluted reagent was incubated at room temperature for 5 
minutes. Solution A and Solution B were mixed well and the mixture was incubated 
at room temperature for 30 minutes. The cells were washed with OPTI-MEM I 
medium for three times and 1 ml fresh OPTI-MEM medium was added to the culture 
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dish. 200 |il of the incubated mixture was added to culture dish and the cells were 
incubated at 37�C at 5% CO2 for 6 hours. After 6 hours, the medium was changed to 2 
ml fresh MEM a medium containing 10% FBS. Cells were allowed to grow for 70 
2+ • 
hours before performing fluorescence labeling experiment or [Ca ]i measurement 
with PTI RatioMaster Fluorescence System. 
2.SJ Hmmscmm Lmbrntimg qf MummedHt^J Chmml m 
HEKimCdk 
2.SJJ ImmMnmtmmng with Amti-TMPCl A_吻 
Immunostaining was performed by using Anti-TRPCl (Alomone Labs, Israel) 
antibody. Transfected cells and control cells (not transfected) attached on glass cover 
slip were fixed by incubating with 4% formaldehyde (Sigma, USA) at -20�C for 2 
hours. After fixation, the slip was dipped into IX PBS for rehydration. The cells were 
then incubated with PBS containing 0.3% trition (Sigma, USA) and 0.1% SDS 
(Sigma, USA) at room temperature for 15 minutes. The cells were washed with IX 
PBS again and incubated with blocking solution which was PBS containing 1% BSA 
(Sigma, USA) at room temperature for 30 minutes. The cells were allowed to incubate 
with 3 X 10.7 jig Anti-TRPCl antibody in 200 [i\ blocking solution at 4�C overnight. 
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2M2 L^belmg with FITC t 
After incubating with Anti-TRPCl antibody, cells were washed with IX PBS for 10 
minutes 4 times. Cells were washed with goat dilution buffer that was PBS containing 
0.5% goat serum (Gibco, USA). Cells were then incubated with 5 X lO.? |Lig FITC 
antibody at room temperature for an hour. Cells were again washed with IX PBS for 
10 minutes 5 times. Slips were mounted on slides with glycerol (Gibco, USA). The 
cells were examined under microscope (LEICA). 
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Chapter 3 Results 
3.1 Propagation of C ^ Signaling 
ATP can initiate a rapid increase of intracellular Ca^^ concentration in non-excitable 
cells. It is known that in CPAE, [Ca2+]i rises in peripheral cytoplasmic processes and 
then propagates as a C a � . wave towards the central regions of the cell (Huser and 
Blatter, 1997; Kwan and Kwan, 1999). We examined whether this phenomenon also 
happens in rat aortic endothelial cells and ECV304 cell line. 100|LIM extracellular ATP 
2 + • • 
was applied between 0 second and 5 seconds to stimulate the increase in [Ca ]i in the 
absence of extracellular Ca�—. Fig. 15 showed the response elicited by ATP in a 
rat aortic endothelial cell. These images were captured sequentially in a 5 second 
duration. It appeared that ATP triggered a largest C a � . increase in the nucleus (N), 
from where activation propagated outward to the peripheral regions (P) of the cell 
gradually. The [Ca2+]i then started decreasing from peripheral regions back to the 
nucleus. The highest Ca^^ level was observed in the nucleus region rather than any 
other regions of the cell. At time = 5 seconds, there was a largest Ca^ "^  increase in 
nucleus while at time = 10 seconds, activation propagated to cytoplasm and finally to 
peripheral regions. started decreasing from peripheral regions at time = 30 
seconds. at peripheral regions and cytoplasm decreased to nearly basal level at 
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time = 50 seconds at which the level of Ca^^ at nucleus still remained very high. 
Starting from time = 50 seconds, Ca^ "^  level in nucleus significantly decreased. Similar 
result was obtained in ECV304 cell line (Fig. 16). ATP elicited an immediate Ca^^ rise 
in the nucleus and then C a � . propagated towards the peripheral regions. After 
reaching its peak, level began to decrease. The decreasing started first 
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Fig. 15. Initiation site of Ca^ ^ signaling of a rat aortic endothelial cell. 100 |iM 
ATP was applied between 0 sec and 5 sec. N, nucleus; C, cytoplasm; P, peripheral 
regions. Pictures were captured by confocal laser scanning microscope. 
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Fig.l6. Initiation site of Ca^ ^ signaling of ECV304 cell. 100 |iM ATP was applied 
between 0 sec and 5 sec. N, nucleus; C, cytoplasm; P, peripheral regions. Pictures 
were captured by confocal laser scanning microscope. 
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3.2 Effect of cGMP on SERCA 
3JJ ATP s — Ck針 mkmefmm mtmml storm 
ATP was used to stimulate the Ca^^ release from internal stores of rat aortic 
endothelial cells in the absence of extracellular Ca:.. Upon the addition of ATP, there 
was a large increase in (n=6，Fig. 17). [Ca2+]i decreased gradually after it had 
reached the peak level. The time needed for to return to its basal level ( � 5 0 
arbitrary unit) was about 200 seconds. 
3.12 Effect ofcGMP on the falling phase offCa^^Ji 
To examine the effect of cGMP on ATP-induced Cs?^ signaling, 100 |LIM ATP was 
used to initiate [Ca "^"]! rise in the absence of extracellular C a � . . 2 mM 8-Br-cGMP 
was then applied directly into the medium after [Ca2+]i had reached its peak level. 
Fig. 18 showed that cGMP accelerated the speed of the falling phase as there was a 
sudden drop in When compared with the control cells without cGMP 
2+ 
treatment (Fig. 17), these cGMP-treated cells took much shorter time for its [Ca ]i to 
2+ 
return to basal level. After the addition of cGMP, the average time taken for [Ca ]i 
dropping to its basal level was 60 seconds. 
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Fig.17. ATP induced rise in Cells were bathed in IX OPSS which was 
Ca2+-free. 100 uM ATP induced a large and transient rise in of rat aortic 
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Fig.18. cGMP accelerated falling phase of [Ca2+�i. 100 i^M ATP was used to 
stimulate rise in [Ca2+]i of rat aortic endothelial cells (n=6) in the absence 
extracellular Ca^ "". Cells were bathed in IX OPSS which was Ca^^-free. 2 mM 
8-Br-cGMP was applied right after the peak level of • cGMP accelerated the 
falling phase of [Ca^^Ji and the time for [Ca2+]i to return to basal level was much 
shorter compared with that shown in Fig. 17. Data are means 土 S.E. of 6 experiments. 
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3JJ ^CM m ihefatlmgphme ^[C^fi 
In another set of experiments, CPA was used to test whether the effect of cGMP was 
due to its action on SERCA (n=6, Fig. 19). CPA is SERCA inhibitor that inhibits 
uptake process of cytoplasmic C a � . into internal stores. In these experiments, 10 |iM 
CPA was applied to aortic endothelial cells bathed in 1 ml IX OPSS two minutes 
2+ • 
before ATP stimulation. After CPA application, there was a small increase in [Ca ]i 
presumably caused by the blockage of SERCA and thus reducing the sequestration of 
2+ 
Ca2+ into endoplasmic reticulum. Subsequent addition of ATP elicited a rise in [Ca ]i 
2+ 
(Fig. 19). However, 2 mM 8-Br-cGMP failed to accelerate the falling phase of [Ca ]i 
transient in cells pre-incubated with CPA. That is, CPA abolished the accelerating 
effect of cGMP (Fig. 19). In other words, the time that were needed for to 
return to basal level was much longer in the CPA pre-treated cells than the cells 
treated with cGMP alone. Fig.20 illustrates the results generated under three different 
experimental conditions, i.e. control, cGMP treatment alone, and CPA treatment 
followed by cGMP. For comparison, The peak [Ca2+]i levels of these three 
experiments were normalized to 100% intensity. Fig.21 summarizes the time required 
for returning to basal level after addition of cGMP. The time was calculated 
2+ • 
from the point that cGMP was added to the point that basal level of [Ca ]i was 
reached. For CPA-pretreated cells, it took the longest time of 290 seconds. For those 
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cells treated with cGMP alone without CPA pretreatment, it took 60 seconds. For 
control cells without any treatment, comparable decreasing in [Ca2+]i level took 200 
seconds. 
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Fig.l9. CPA abolished accelerating effect of cGMP. Aortic endothelial cells were 
bathed in IX OPSS (n二6). 10 |iM CPA was added 2 minutes before application of 100 
|iM ATP. ATP induced a large and transient rise in in the presence of CPA. 
Application of 2 mM 8-Br-cGMP (at time 二 250 sec) failed to accelerate the falling 
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Fig.20. Effect of cGMP and CPA on the falling phase of [Ca^^i. This graph 
combines the three figures (Fig.17, 18，19) in which the three peak levels of C a � . were 
normalized to 100% intensity in order to show the differences between the falling 
phase of control cells, cells treated with cGMP and cells pre-treated with CPA. CPA 
was applied at time = 40 sec (for CPA pre-treated cells). At time = 180 sec, 100 \iM 
ATP was added (for all the three cases). At time = 240 sec, 2 mM 8-Br-cGMP was 
introduced (for both cGMP treated cells and CPA pre-treated cells). S.E. was not 
shown. 
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Fig.21. Effect of cGMP and CPA on the time for returning [Ca2+]i to basal level. 
Each bar represents the time required for returning [Ca^+ji to basal level after 2 mM 
8-Br-cGMP was added (control bar was used to compare with the those of 
cGMP-treated and CPA pre-treated cells, no cGMP was introduced to control cells). 
Control cells (n=6), time = 200 sec; cGMP treated cells (n=6), time = 60 sec; CPA 
treated cells (n二6), time = 290 sec. 
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cGMP can activate protein kinase G (PKG). To estimate whether the accelerating 
effect of cGMP was mediated through PKG pathway, KT5823, a highly specific 
inhibitor of PKG was used. Rat aortic endothelial cells were first stimulated by 100 
|iM ATP in order to induce a large and transient rise in in the absence of 
extracellular Ca^ "". 2 mM 8-Br-cGMP was applied to accelerate the falling phase of 
Ca2+]i. 1 [iM KT5823 was then applied. The application of KT5823 caused a 
significant rise in [Ca2+]i (n二49, Fig.22). The result suggests that cGMP acts on 
SERCA to accelerate the re-uptake process of Ca2+ via a PKG-dependent pathway. 
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Fig.22. Involvement of PKG in the falling phase of Aortic endothelial cells 
(n=49) were bathed in 1 ml IX OPSS. 100 i^M ATP was applied to stimulate the rise 
in [Ca2+]i in the absence of extracellular Ca^ .^ 2 mM 8-Br-cGMP accelerated the 
uptake process of Ca:. and application of 1 ！aM KT5823 restored [Ca2+]i to a higher 
level (-150 arbitrary unit). Data are means 士 S.E. of 49 cells. 
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33 Effect of cGMP on bradykimiii-aetivateii 
capacitative Ca^ ^ entry 
3JJ Bradykinin induced capacitative Ca mt^ 
In this series of experiments, we studied the effect of cGMP on agonist-activated 
capacitative Ca^^ entry. Bradykinin was applied to cause internal stores depletion of 
aortic endothelial cells in the absence of extracellular Ca^+and was measured 
by the PTI RatioMaster Fluorescence System. Fig.23 shows clearly that bradykinin 
was capable of inducing store-operated Ca^^ entry. Addition of 100 nM bradykinin 
caused a large and transient rise in After returning to basal level, 
2+ • 
addition of 1 mM C a � . in extracellular medium caused a rise in [Ca ]i. The rise in 
-Ca2+]i was due to C a � . entry but not C a � . release from internal stores as N i � . could 
effectively block Ca^^ rise (data not shown). This Ca^^ entry was dependent on the 
Ca2+ content of internal stores rather than the presence of agonist (bradykinin) as 
bradykinin was removed before applying 1 mM Ca^ "^ . 
65 
一 100 nM bradykinin — 
° 2 . � 1 
1 E , ^ c 1.5-
CD O 
c ^ — lmMCa2+ -
o E ^ n 
0 o \ 
- 0 . 5 - V 
J *^***糊|,_| III I__r ,_ , 
0.0 1 1 1 1 1 1 
0 300 600 900 1200 1500 1800 
time (sec) 
rig.23. Bradykinin-activated capacitative Ca2+ entry. [Ca2+]i was measured by 
fura-2 fluorescence. At the beginning of experiment, aortic endothelial cells were 
bathed in 1 ml IX OPSS. 100 nM bradykininin induced a large and transient rise in 
[Ca2+]i. At time 二 952 sec, OPSS was replaced by 1 ml IX NPSS. Introducing 1 mM 
extracellular Ca� . caused a rise in [Ca2+]i. This is the representative figure out of 6 
experiments. 
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2+ 
Previous data from our lab suggested that the store-operated Ca entry induced by 
thapsigargin could be blocked by cGMP (Kwan et al., 2000). To test the effect of 
cGMP on agonist-activated capacitative Ca^^ entry, bradykinin was used instead of 
thapsigargin to induce Ca^ "^  entry. 100 nM bradykinin was applied in the absence of 
extracellular Ca^^ to cause Ca^^ release from internal stores. 4 mM 8-Br-cGMP was 
introduced 10 minutes before replacing the bathing solution with 1 ml IX NPSS. 
Fig.24 shows that bradykinin-activated capacitative Ca^ "" entry was nearly completely 
blocked by cGMP. 
3JJ Effect of KT5823 on the inhibitory effect qf _ 
C^^ entry activated by bradykinin 
As mentioned in section 3.2, cellular effect of cGMP may act through PKG pathway. 
In addition, previous data from our lab showed that the blockage of 
thapsigargin-induced SOC by cGMP could be reversed by KT5823 which was used in 
this experiment to investigate if the inhibitory effect of cGMP on bradykinin-activated 
capacitative Ca^^ entry also acted through PKG pathway (Fig.25). Again, 100 nM 
bradykinin was applied to cause Ca^ "^  release in the absence of extracellular C a � . . 4 
67 
mM cGMP and 1 |iM KT5823 were introduced 10 minutes and 5 minutes respectively 
reversed the inhibitory effect of cGMP (Fig 25). Therefore, cGMP blocked 
bradykinin-activated capacitative C a � . entry via PKG pathway as what has been 
confirmed in thapsigargin-induced SOC. 
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Fig.24. cGMP blocked bradykinin-activated capacitative Ca entry. At the 
beginning of experiment, aortic endothelial cells were bathed in 1 ml IX OPSS. 100 
nM bradykinin induced a large and transient rise in 4 mM 8-Br-cGMP was 
introduced 10 minutes before replacing bathing solution to IXNPSS containing 4 mM 
8-Br-cGMR Bradykinin induced store-operated Ca�— was blocked by cGMR This is 
the representative figure out of 7 experiments. 
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Fig.25. KT5823 reversed inhibitory effect of cGMP. At the beginning of 
experiment, aortic endothelial cells were bathed in 1 ml IX OPSS. 100 nM bradykinin 
induced a large and transient rise in 4 mM 8-Br-cGMP and 1 |LIM KT5823 
were applied 10 minutes and 5 minutes respectively before replacing bathing solution 
to IX NPSS containing 4 mM 8-Br-cGMP and 1 KT5823. KT5823 effectively 
reversed the blockage effect of cGMP. This is the representative figure out of 3 
experiments. 
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activated by a combination of different agonists. 
In order to confirm the effect of cGMP and KT5823 on agonist-activated capacitative 
Ca2+ entry, a combination of different agonists was used to induce store depletion and 
then the effect ofcGMP and KT5923 was examined. 
In a series of experiments illustrated in Fig.26, three different agonists, angiotensin II, 
bradykinin, and ATP, were applied sequentially to deplete the internal Ca:. stores to a 
great extent. Sequential application of 1 [M angiotensin II, 100 nM bradykinin, and 
100 |liM ATP each caused C a � . release from internal stores as manifested by the 
respective rise in Ca^ "" upon the application of agonists (Fig.26). As expected, 
depletion of stores by these agonists stimulates Ca^^ influx since addition of 1 mM 
Ca2+ in extracellular medium caused a significant increase in [Ca ]i (Fig.26). This 
agonist-activated capacitative C a � . entry could be inhibited by cGMP (Fig.27). cGMP 
had no effect when KT5823 was present in the medium (Fig.28). 
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Fig.26. Angiotensin II，bradykinin and ATP activated capacitative Ca^ ^ entry. 
Rat aortic endothelial cells (n=4) were first stimulated by 1 |LIM angiotensin II in the 
absence of extracellular Ca^^ to cause Ca�— release from internal stores. 100 nM 
bradykinin and 100 jiM ATP were applied separately to induce the next two rise in 
Ca2+]i. At time二970 seconds, OPSS was changed to IX NPSS. Rise in [Ca2+]i was 
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Fig.27. cGMP blocked angiotensin II，bradykinin and ATP activated capacitative 
Ca2+ entry. Rat aortic endothelial cells (n=5) were first stimulated by 1 |iM 
angiotensin II in the absence of extracellular Ca^^ to cause Ca2+ release from internal 
stores. 100 nM bradykinin and 100 i^M ATP were applied separately to induce the 
next two rise in 8 mM 8-Br-cGMP was introduced 5 minutes before changing 
bathing solution to IX NPSS containing 8-Br-cGMR Agonist-activated capacitative 
Ca2+ entry was blocked by cGMP. Data are means 土 S.E. of 5 experiments. 
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Fig.28. KT5823 reversed inhibitory effect of cGMP. At the beginning of 
experiment, rat aortic endothelial cells (n=3) were bathed in 1 ml IX OPSS. 1 |LIM 
angiotensin II, 100 nM bradykinin and 100 |LIM ATP were applied separately to 
deplete Ca^^ stores. 1 |LIM KT5823 and 8 mM 8-Br-cGMP were introduced 6 minutes 
and 5 minutes respectively before changing OPSS to IX NPSS containing 8 mM 
8-Br-cGMP and 1 |LIM K T 5 8 2 3 . Data are means 士 S.E. of 3 experiments. 
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3.4 Cloniiig and expressioii of htrpl in HIK. 293 
cell line 
One candidate molecule that may mediate store-operated Ca^ "^  influx is trp (transient 
receptor potential) channel. Trp channel is a nonselective cation channel permeable to 
Ca2+. Some previous studies suggested that Trp channel is responsible for the 
store-operated Ca^^ influx. To examine this possibility, we cloned the gene for one 
type of trp channel, htrpl, from human coronary artery endothelial cells (ATCC, 
Bethesda, MD, USA). Fig.29 and 30 are the gel pictures that show the correct 
insertion of htrpl into mammalian expression vector pcDNA3. Lane 1 and 2 represent 
\ 
100 bp marker and 1 kb marker respectively. Lane 3 represents uncut ligation product 
and lane 4 represents cut product(s). Fig.30 shows that the size of htrpl is -2500 bp. 
The cloned htrpl was then transiently transfected into HEK293 cells and the 
possibility of htrpl being the SOC channel was examined. 
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Fig.29. Gel electrophoresis photo of ligation product cut by Notl. The size of 
digestion product was about 8 kb. 
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Fig.30. Gel electrophoresis photo of ligation product second cut by Kpnl. The 
size of digestion products were � 5 4 0 0 bp and � 2 5 0 0 bp. 
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3.4J Optimizing trmsfoetim cmditims msmgpEGFF^l 
pEGFP-Nl (4.7kb), a N-Terminal Protein Fusion Vector, is a vector encoding a 
red-shifted variant of wild-type GFP (1-3) which has been optimized for brighter 
fluorescence and higher expression in mammalian cells. It helps to estimate the 
efficiency of transient transfection by its fluorescence properties after entering cells. 
To optimize the transfection conditions, HEK293 cells were first transfected with 
pEGFP-Nl. We concluded from these experiments that optimal transfection condition 
was as following: Cells were allowed to grow to -90% confluent. During transfection, 
cells were incubated with transfection mixture for 6 hours in 5% CO2 atmosphere at 
37°C. 4 jig pEGFP-Nl and 6 fil LipofectAMINE 2000 reagent are used and this 
condition results in the successful transfection of pEGFP-Nl in �70-80o/o HEK293 
cells. Fig.31 and 32 show the HEK293 cells transfected with pEGFP-Nl under a 
fluorescent microscope with different magnifications. The differences between 
individual cells of fluorescence intensity may be due to the different amount of 
pEGFP-Nl entered cells. 
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Fig.31. HEK293 cells transfected with pEGFP-Nl. Cells were transfected with 4 
^g pEGFP-Nl and were observed under microscope with lOX magnification. 
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Fig.33. HEK293 cells transfected with pEGFP-Nl. Cells were transfected with 4 
|ig pEGFP-Nl and were observed under microscope with 60X magnification. 
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3.4.2 Wmmimt tmmfection of htrpl ekmmd in HEM29B celts 
Conditions of transfecting htrpl gene into HEK293 cells followed exactly the 
optimized conditions mentioned in section 3.5.2. To investigate whether htrpl 
channels have expressed, fluorescence immunostaining was performed three days 
after transfection by using Anti-TRPCl antibody. Both /z仏pi-transfected HEK293 
7 • 
cells and control cells (not transfected) were incubated with 3 X 10" Anti-TRPCl 
antibody in 200 |LI1 blocking solution at 4°C overnight. After washing with blocking 
buffer, cells were incubated with 5 X 10'^  FITC antibody at room temperature for 
an hour. Our data showed that htrpl channels were expressed in the transfected cells 
(Fig.34). Figure 35 shows the picture taken from the same area as Fig.34, but it was 
under white light. By comparing Fig.34 and Fig.35, the percentage of expression of 
htrpl is estimated to be ~70%-80%. For the control cells without htrp 1 transfection, 
only a few cells were stained by m^i-Trp antibody (Fig.36). This was probably due to 
the presence of endogenous htrpl channels in HEK293 cells. Fig.37 shows the 
corresponding picture taken under a light microscope. It should be noticed that the 
confluency of cells was much lowered after transfection (Fig.35, 37). By comparing 
Fig.34 and Fig.35, the percentage of expression of htrpl was ~ 70% - 80%. 
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Fig.34. Fluorescence labeling of expressed htrpl in HEK293 cells. 
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Fig.35. Corresponding photo fig.34 under a light microscope. All the cells attached 
to the bottom should be visualized regardless of whether they are transfected with 
htrpl or not. 
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Fig.36. Fluorescence labeling of control HEK293 cells 
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Fig. 37. Corresponding photo fig. 36 under a light microscope. All the cells 
attached to the bottom should be visualized regardless of whether they are stained 
with mti-Htrpl antibody or not. 
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3.4J Chmmeipmpmiies qfe^msei htrpl chanml 
The reported properties of cloned and expressed htrpl channel were quite 
controversial. Some reports claimed that htrpl channel functioned as SOC while some 
argued that htrpl channel do not function as SOC. To examine whether htrpl indeed 
acts as SOC channel, thapsigargin was used to deplete the internal C a � . stores. Fig. 38 
(n=6) shows that thapsigargin could induce store-operated C a � . entry in untransfected 
control HEK293 cells. For the cells transfected with htrpl, thapsigargin also induced 
store-operated C a � . entry (n=10, Fig.39) and the peak level of fluorescence ratio was 
not larger than those obtained from control cells. Fig.40 summarizes data obtained 
from the two different groups of cells for comparison. 
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Fig.38. Thapsigargin induced store-operated Ca^^ entry in HEK293 cells. Cells 
(n=6) were pre-incubated with 4 |xM thapsigargin in IX OPSS for 20 minutes. Before 
[Ca2+]i measurement, thapsigargin was removed by changing the solution to 1 ml IX 
OPSS. At the time indicated by the bar, 1 mM Cd?^ was introduced to cause a rise in 
[Ca2+]i. Data are means 土 S.E. of 6 experiments. 
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Fig.39. Thapsigargin induced store-operated Ca^ ^ entry in htrpl transfected 
HEK293 cells. Transfected cells (n=10) were pre-incubated with 4 pM thapsigargin 
in IX OPSS for 20 minutes. Before [Ca2+]i measurement，thapsigargin was removed 
by changing the solution to 1 ml IX OPSS. At the time indicated by the bar, 1 mM 
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Fig.40. Thapsigargin induced store-operated Ca� . entry in control HEK293 cells 
and htrpl transfected HEK293 cells. S.E. was not shown. 
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Chapter 4 Discussion 
41 Propagation of Signaling 
Many of the regulatory actions of Ca^^ are highly localized within cellular 
subcompartments due to inhomogeneous distribution of Ca^"^-containing 
compartments, Ca^ "^  binding proteins, and buffers, as well as C a � . channels and 
transport mechanisms (Huser and Blatter, 1997). Recent advances in imaging 
techniques, especially through the use of confocal microscopy, have contributed 
significantly to our understanding of the subcellular Ca^^ signaling pathways in many 
cell types and tissues. 
The present result shows that in rat primary aortic endothelial cells and ECV 304 cells, 
extracellular application of 100 |iM ATP in the absence of extracellular Ca initiated 
a rapid increase of intracellular Cs?^ concentration ([Ca^""]!). By the use of confocal 
laser scanning microscopy, it was found that response elicited by ATP was 
first observed in the nucleus, from where activation propagated in all directions to 
cytoplasm and finally to the peripheral regions of the cell. The peak amplitudes of 
ATP-induced C a � . elevation were much larger in the nucleus region than those in 
other regions of the cell. After reaching its peak, [Ca2+]i started to decrease. The 
2+ • 
[Ca2+]i decreased in a opposite spatiotemporal order as propagation did. [Ca ]i 
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decreasing occurred first in the peripheral regions, then in cytoplasm, and finally in 
cell nucleus. 
Our results on the initiation and propagation of ATP-stimulated Ca signals are not 
consistent with some previous reports. Jacob (1990) and Ohata et al (1997) observed 
that in endothelial cells, IP3-mobilizing agonists evoke Ca^^ waves that originate at 
small loci at the cell edge and propagate throughout the entire cells. Isshiki et al (1998) 
reported that endothelial Ca^ "^  waves preferentially originate at specific loci in 
caveolin-rich cell edges. In our experiments, it appeared that Ca signal started from 
the cell nucleus and spread to cytoplasm and then to the peripheral region of cells. It 
is not clear what factor(s) causes the discrepancy. One possibility is that the 
2+ • 
differences in culture condition may contribute to the differing Ca response in 
different lab. 
42 Effect of cGMP on of Vascular 
Indotlielial Cells 
4JJ Effmt 麵 S11C4 
cGMP is a key regulatory molecule in many physiological processes. Elevation of 
cGMP may protect against neuroexcitotoxicity and other harmful conditions (Bredt et 
89 
al, 1991; Haley et al., 1992), presumably by lowering stimulated calcium levels. The 
present data show that in rat aortic endothelial cells, application of cGMP after 
reaching the peak level accelerated the falling phase of [Ca^ ""]!. The difference in time 
that is needed for returning [Ca2+]i to basal level after cGMP application strongly 
supports this finding as cells treated with cGMP takes the shortest time (60 seconds) 
2+ 
for returning to basal level. The mechanism by which cGMP lowers [Ca ]i is 
controversial. One proposed mechanism is that phosphorylation of the inositol 
1,4,5-trisphosphate receptor (InsPsR) prevents InsPsR from releasing C a � . to 
cytoplasm. Studies show that cGMP is without effect on the SERCA and its action is 
to prevent Ca^^-releasing activity of InsPsR by promoting the phosphorylation of the 
InsPgR (Cavallini et al., 1996; Ruth et al., 1993). The effect of cGMP may be 
mediated via protein kinase G (PKG) pathway as PKG also appears to inhibit InsPsR 
activity in platelets (Cavallini et al., 1996; Komalavilas and Lincoln, 1996). The other 
proposed mechanism suggests that cGMP may increase the calcium sequestration into 
the sarcoplasmic reticulum by stimulating PKG-dependent phosphorylation of 
phospholamban, a Ca^^-ATPase regulatory protein of Ca^''-ATPase (Sabine et al., 
1995). Phosphorylation of phospholamban enhances sequestration of Ca^^ by SERCA 
in vascular smooth muscle cells (Comwell et al, 1991). Present data obtained from 
the CPA pre-treated cells favors the latter proposed mechanism. CPA is SERCA 
90 
inhibitor that inhibits uptake process of cytoplasmic Ca^^ into internal stores. Fig. 19 
and Fig. 20 show that, when cells were pre-treated with CPA before application of 
ATP, the accelerating effect of cGMP was completely abolished. In addition, the time 
taking for [Ca2+]i to return to basal level was the longest (290 seconds) in CPA 
pre-treated cells, relatively shorter in control cells (200 seconds), and shortest in cells 
2+ 
treated with cGMP alone ( � 6 0 seconds). One possible explanation is that the Ca 
released upon the stimulation of ATP was prevented from being taken up by SERCA. 
Studies show that NO accelerates uptake of Ca:. in permeabilized platelets and this 
effect of NO disappears in the presence of BHQ which is another inhibitor of SERCA 
(Trepakova et al., 1999). NO can activate guanylate cyclase to stimulate the formation 
of cGMP. In pancreatic acinar cells, LY83583, an inhibitor of guanylate cyclase, 
reduces both cellular cGMP and uptake of Ca�— (Pandol and Schoeffield-Payne, 1990). 
Taken together, it seems that cGMP accelerates the falling phase of [Ca ]i by 
stimulating SERCA to pump more C a � . into sarcoplasmic reticulum. As cGMP can 
activate PKG, another set of experiment was done to determine whether cGMP 
accelerated sequestration of C a � . was via PKG pathway. Application of KT5823 in 
the presence of cGMP induced a rise in [Ca2+]i. This clearly showed that PKG was 
involved in enhancing C a � . uptake into sarcoplasmic reticulum. The refilling process 
was first accelerated by cGMR However, in the presence of KT5823, the effect on 
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enhancing SERCA to uptake Ca^^ was disappeared. The rise in [Ca2+]i may be due to 
prevention of SERCA to uptake Ca^^ and Ca^^ leakage from internal stores. 
4JJ Effket 碌 cGMP m Regmligtmm 缚 
C零mi_im C^ 齒 _ . 
The Ca2+ entry after agonist stimulation can be regarded as agonist-activated 
capacitative C a � . entry. C a � . entry stimulated by agonist is not a direct consequence of 
the presence of the agonist but rather a consequence of the discharge of the internal 
stores (Aub et aL, 1982; Hallam et al., 1989). It is now confirmed that the Ca^^ entry 
is not due to the presence of InsPs as some agents such as thapsigargin may stimulate 
Ca2+ entry without elevating cellular InsPs level (Putney, 1986,1990). Present data 
2+ 
show that stimulating rat aortic endothelial cells in the absence of extracellular Ca 
by bradykinin (100 nM) alone or a combined treatment of angiotensin II (1 |iM), 
bradykinin (100 nM) and ATP (100 |LIM) resulted in an increase in [CA2+]i. This rise in 
[Ca2+]i was due to Ca^^ entry as n P , a cation entry blocker, abolished the rise in 
Ca2+]i. The emptied internal stores rather than the agonist(s) directed this type of 
2+ 
Ca2+ entry because the agonist(s) was/were removed before the extracellular Ca was 
added to initiate Ca^ "" rise. In addition, stimulating the cells by bradykinin alone or by 
a combination of three different agonists seemed has no significant difference in 92 
inducing Ca^^ entry. It should be mentioned that addition of the second and the third 
agonists followed the previous addition of agonist could cause additional Ca^ "^  
transient although the peak level was smaller than the previous one. This indicated 
that one agonist alone only caused a partial depletion of Ca^^ stores but this partial 
depletion was sufficient to stimulate store-operated Ca� . entry, as was evident in 
bradykinin-activated capacitative Ca^^ entry. The conclusion that a partial depletion of 
internal stores was sufficient to stimulate SOC is consistent with a previous report 
which claims that in bovine aortic endothelial cells, amount of Ca^ "" release required 
for Mn2+entry was only about 11 +/- 3% of stored Ca^^ (Oike and Ito, 1997). 
Emptying internal Ca^^ stores by agonist(s) triggers Ca^^ entry. A cyclic nucleotide, 
cyclic 3,, 5,-guanosine monophosphate (cGMP) is thought to be involved in 
regulating Ca^^ entry mechanism. Previous studies show that CPA- and 
thapsigargin-induced store-operated Ca^^ entry can be effectively inhibited by cGMP 
(Kwan et al., 2000). As expected, cGMP blocked the agonist-activated capacitative 
Ca2+ entry that was stimulated by bradykinin or a combination of three different 
agonists. The concentrations ofcGMP used are relatively high (4 mM and 8 mM) but 
it should be noted that cGMP formation is not spread uniformly within cells as 
revealed by its distinct particulate and cytosolic sources. Therefore, cGMP may 
localize in some regions of a cell and in these regions, cGMP concentration may be 
93 
much higher than any other regions of a cell. In addition, diffusion of cGMP can be 
limited by the presence of five different ubiquitously expressed phosphodiesterases 
(PDEl, -2, -3, -5 and —9) involved in the hydrolysis of cGMP (Braughler et al., 1979; 
Fisher et al, 1998; Mittal, 1985; Waldman et cd., 1984). 
PKG represents the principal intracellular mediator of cGMP signals. In most tissues, 
PKG is approximately one tenth to one hundredth the PKA concentration. PKG is 
found in both cytoplasmic and membranous fractions, and the relative distribution is 
tissue-dependent (Zolle et al., 2000). In addition, studies have shown that the activity 
of PKG is very unstable in cell under cultured condition. Low activity of PKG could 
also explain why a relatively high concentration of cGMP had to be used for its effect. 
An important confirmation on the effect of cGMP was provided by KT5823 treatment. 
KT5823 is a highly selective inhibitor of PKG. The blockage of cGMP effect by 
KT5823 confirms that the effect of cGMP is specifically mediated by PKG. 
Taken together, present data suggest that agonist-activated capacitative Ca^ "" entry 
may be actually mediated via store-depletion and the Ca� . entry through this pathway 
can be regulated by cGMP and PKG. 
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4JJ PhysmhgkMl qf Bcprmmd Htrpl im HEK293 
cells 
The trp family has been proposed to encode the store-operated Ca entry (SOC) 
channels. The role of htrpl in the SOC mechanism was examined and present data 
illustrated that expressed htrpl channels had no enhancing effect on the 
thapsigargin-induced store-operated Ca^^ entry in transfected HEK293 cells compared 
with that of control cells. From the results obtained from immunostaining experiment, 
it was shown that endogenous htrpl level was very low in control cells. Although the 
amount of htrpl channel protein was increased in transfected cells, there was no 
significant increase in store-operated Ca^^ entry. In fact, data supporting trp\ as a 
candidate protein for the store-operated C a � . entry are quite conflicting. Perhaps the 
simplest explanation is that trp-QncodQd channels exist as tetrameters (Bimbaumer et 
al., 1996). Therefore, they have the potential to form either homotetramers or 
heterotetramer. Over-expression of full-length cDNA may provide misleading 
information if one specific type of trp is greatly overexpressed, favoring formation of 
homotetrameric channels that may differ from the tetrameric nature of channels 
formed by endogenous trp. Other possible explanations for the contradictory results 
include the use of different clones from different species and the use of different 
expression systems with, for example, the possibility of different endogenous trp 
95 
subunit combinations (Dutta, 2000). In addition, there can be a great deal of variation 
between populations of HEK293 cells between different laboratories with endogenous 
levels of store-operated C a � . entry varying over a wide range. This could mean that 
levels of endogenous trp homologues could vary in HEK293 cells in different 
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